Prior to replacement of an established method for CD34 enumeration by an alternative approach, evaluation of the agreement between the methods is essential. In this study, the comparison of two assays was evaluated according to the recommendation of Bland and Altman describing the agreement between two methods where the true value is not known. CD34 enumeration was performed on blood or leukapheresis product from 105 patients by flow cytometry (dual platform assay) and volumetric analysis (single platform assay). Both the flow cytometric and the volumetric analysis showed poor reproducibility for measures lower than approximately 9 CD34
approach, evaluation of the agreement between the two methods is essential.
We present a comparison of two methods for CD34 Often, such comparisons of two different ways of measuring the same parameter are performed by analysis of correlation coefficients. As both methods are indirect, the true value remains unknown and the situation is different from calibration, in which one compares measured values with a known standard. The use of correlation in comparing two indirect methods is inappropriate and can be misleading, as a high correlation does not necessarily mean that the two methods agree. Bland and Altman 6 have discussed this matter and proposed an alternative approach. The Bland and Altman method, which is applied here, is based on graphical techniques, simple calculations and assessment of reproducibility.
Materials and methods
Duplicate analysis of identical samples was performed at two different laboratories, The Stem Cell Laboratory and The Department of Clinical Immunology at Herlev Hospital. The samples comprised blood (n = 78) and leukapheresis products (n = 27) from a consecutive series of patients primed and mobilised as candidates for high-dose therapy and stem cell transplantation.
Patient samples
Blood samples or leukapheresis products were obtained from patients with either malignant lymphoma or multiple myeloma. Blood progenitor mobilisation was performed by priming with high-dose cyclophosphamide 4 g/m 2 in combination with s.c. rhG-CSF 10 g/kg/day. Stem cell harvest was initiated during marrow regeneration guided by the blood CD34 ϩ cell level. 7 Leukapheresis was performed on a Fenwal CS-3000 Plus separator according to the manufacturer's instructions.
The Nordic standard for CD34 + cell enumeration
Enumeration of CD34 ϩ cells was performed according to a modified Nordic standard 5 on fresh (Ͻ4 h after harvest) samples of 50 l blood cell suspension containing 0.5-1.0 × 10 6 cells per test. The samples were incubated for 15 min at room temperature with 50 l CD45 FITC from Becton Dickinson (BD) diluted 1:10, and 50 l HPCA-2 PE (recognizes the class III epitope of the CD34 antigen) (BD) diluted 1:5 or IgG1 PE (BD) diluted 1:10. Erythrocyte lysis was performed after antibody staining for 10 min using ortho lysing solution, which is no longer available. The reagent is a 10× dilution of an aqueous ammonium chloride based lysing solution containing 1.5 m NH 4 Cl, 100 mm NaHCO 3 and 10 mm disodium EDTA at pH 7.4. The samples were washed once in PBS and analysed immediately. Duplicate analysis was performed to test the reproducibility.
Data acquisition was performed on a FACScan instrument (BD) and analysis was performed using CellQuest software. An arbitrary forward scatter (FSC) threshold to exclude erythrocytes, platelets, subcellular particles, cell aggregates, and debris was set in data acquisition. A minimum of 50 000 events was acquired in each sample. In data analysis, the FSC threshold was adjusted to exclude debris. The CD34 ϩ cell population was defined as a single population of CD45-positive events expressing CD34 bright and low side scatter. A minimum of 50 events within the positive population was considered significant for counting accuracy. The percentage of CD34 ϩ cells was calculated as the number of CD34 ϩ events as defined above, divided by the total number of CD45 ϩ cells aquired, excluding debris.
Leukocyte counts were performed in duplicates on an Automatic Cell Counter MD II (Coulter, Miami, FL, USA). The total number of CD34 ϩ cells was calculated from the CD34 percentage by multiplication with the mean leukocyte count.
The volumetric capillary CD34 assay
This assay is intended for use with the IMAGN 2000 Microvolume Fluorimeter for determination of the concentration of CD34 ϩ cells in peripheral blood and leukapheresis products. This instrument enables the imaging and quantification of cells in precisely defined volumes and the STELLer CD34 assay has been developed to measure such numbers.
The sample is incubated with an anti-human mouse monoclonal antibody (mAb) recognizing a class III epitope of the CD34 antigen. The mAb is labelled with a fluorescent dye, Cy5 (Amersham Life Sciences, Cleveland, OH, USA) with an emission peak at 665 nm, which is excited at 633 nm by a low-power helium neon laser. The use of this laser minimises the interference of the autofluorescence of the red cells, making it possible to perform the measurement in unlysed blood samples. The sample is drawn into a glass capillary of a precisely known volume. The laser beam scans the capillary and fluorescent emissions from the labelled target cells are captured by the system's optics as peaks above the background fluorescence. Image analysis software evaluates the electronic images on the basis of size, fluorescence intensity, colour, and shape. Results are reported as the number of labelled cells per unit of volume.
Fifty l of sample were added to the reaction vial, agitated, and incubated for 30 min at room temperature. After incubation, 90 l of reaction diluent were added to the reaction vial and mixed. After mixing, 40 l of the diluted sample were pipetted into the volumetric capillary. Each cartridge had two volumetric capillaries; thus, each sample was analysed in duplicate and the mean value taken as the final value.
Data sampling, presentation and statistics
Statistical analysis of the dataset was performed in accordance with the Bland and Altman recommendation. 6, 8 This analysis is based on graphical techniques, simple calculations, and transformations. In brief, comparison of the two methods is divided into two steps. The first step is an analysis of the reproducibility. Reproducibility is the method's ability to generate the same counts on the same blood sample. This analysis was performed for each of the two methods. The differences of the duplicates were plotted against the mean of the duplicate values which made it possible to determine a certain value of enumerated CD34 ϩ cells/mm 3 that is the lower limit of acceptable reproducibility. This applies when the differences are very high compared to the mean of the two measurements. The comparison of different methods becomes uncertain when the reproducibility of the methods is poor. The second step is an analysis of agreement. Again the difference was plotted against their mean. However, the values used for this analysis were the mean of duplicate values obtained by the two methods. For both microvolume fluorimetry and flow cytometry, plotting differences against mean values reflects a clear systematic pattern. For both methods, the difference between the first and second measurement seems to increase with the number of cells/mm 3 and further, there is a clustering of observations for low values of cells/mm 3 . This systematic pattern is particularly present for the STELLer CD34 assay. By the use of a logarithmic transformation of data this relationship is reduced and the reproducibility of the method and agreement between the two methods are therefore based on logarithmic transformed data.
In the agreement analysis of microvolume fluorimetry and flow cytometry, a non-uniform distribution of data persists after the logarithmic transformation. A model of the relationship between the difference and the average is therefore estimated. The estimated function is given by the simple regression function D = b 0 ϩ b 1 A, where D is the difference, A the average and b 1 is the slope of the line. 8 The limits of agreement are given by D Ϯ √/2SD, where SD is the standard error of regression. 
Results

Reproducibility
A log transformation was applied and the reproducibility in each of the two methods was evaluated by plots showing the difference of duplicate values against their mean. The 95% limits of agreement are given by D ± 1.96SD. 8 The 95% limits of agreement for flow cytometry (Figure 1 
Agreement
For both methods the difference of log transformed data was plotted against their mean (Figure 3) . The plot displays a lack of agreement between measurements. For values below Ϸ9 CD34 ϩ cells/mm 3 , the STELLer CD34 assay measures higher levels of CD34 ϩ cells/mm 3 than flow cytometry. As described above, both methods show poor reproducibility below this level which complicates any conclusions on agreement for counts lower than Ϸ9 CD34 increases. This relationship is estimated by simple regression analysis. 8 The estimated function is given by D = 1.44 Ϫ 0.36A, where D is the estimated difference and A is the average and the standard errors of estimation is SD = 0.63. The estimated parameters are highly significant (P Ͻ 0.01) ie the difference between the method is a decreasing function of the number of CD34 ϩ cells. Further, Figure 4 clarifies that the STELLer assay counts are higher than flow at low CD34 numbers and vice verse on high numbers of CD34 ϩ cells. This difference was independent of the number of cells enumerated as well as sample type (blood or leukapheresis product).
Discussion
In the comparison of quantitative methods neither the correlation coefficient nor regression analysis are appropriate. We present a comparison of two techniques for CD34 enu- meration by the method described by Bland and Altman, 6 which is simple to do and to interpret.
The outcome may not have clinical importance; however, it is important to explain the observed differences to be able to understand technical factors of importance for quantitative analysis of CD34 ϩ cells. Comparisons of first-and second-generation techniques or single and dual platform analysis for CD34 enumeration have been reported. Most of these studies have concluded that new methods are useful in clinical practice for blood level prediction and harvest including quality assessment of the autografts. [9] [10] [11] [12] Such usefulness may depend upon the statistical analysis as described.
A division of the untransformed data into quartilies (determined by the average of flow cytometry measurements) clarifies this further. Actually, the microvolume fluorimetry counts are on average more than 500% [313-761; 95% CI] the counts by flow cytometry when the measures belong to the first quartile (Ͻ5. It must be remembered that the true value is not known, but different explanations for the observed differences are discussed below. The diminution found in the absolute number of CD34 ϩ cells per unit of volume by the STELLer CD34 assay vs flow cytometry could be due to several technical pitfalls: In flow cytometry, gating excluding CD45-negative events and events below the FSC threshold would exclude apoptotic cells, subcellular particles, platelets, and erythrocytes. Apoptotic cells and subcellular particles may count as leukocytes in automatic cell counting which would cause an overestimation of the total number of CD34-positive cells. Erythrocyte lysis and a washing procedure may cause a selective loss of leukocytes, which could increase the percentage of CD34 ϩ cells. Another possible explanation may be a systematic high cell count on the Coulter Analyser. In volumetric scanning two cells close to each other may be indistinguishable as the emission may be recognized as just one peak. Another explanation could be an insufficient amount of anti-human CD34 antibody in the manufacturer's reagent, which has not been evaluated here. The use of different monoclonal antibodies in the single and dual platform assay, although recognizing the class III epitope of the CD34 antigen, may also be of importance.
Why the STELLer CD34 assay seems to measure higher levels of CD34 ϩ cells than flow cytometry, applying to values below 9 CD34 cells/mm 3 , is not evident, but may be because of simple counting inaccuracy.
The STELLer CD34 assay is easy to perform and semiautomatic, which makes it an attractive alternative procedure to flow cytometry for enumeration of CD34 ϩ cells. Laboratories which intend to introduce this method should be aware of its poor reproducibility in enumerations lower than Ϸ9 CD34 ϩ cells/mm 3 , and that above this level the method tends to measure values lower (20-27%) than flow cytometric values, as this may influence clinical procedures like CD34
ϩ cell enumeration performed to decide when to start leukapheresis. The IMAGN2000 instrument has been withdrawn from the market by BD Biosciences in order to be improved. When the instrument is released for the market, laboratories which intend to replace an established method for CD34 enumeration by the STELLer CD34 assay have to compare the two methods to ensure the improvement of the instrument.
